Primary recrystallization is an important phenomenon involved with cold deformation and heat treatment process. In the present investigation, a two dimensional probabilistic cellular automata model is used to simulate primary recrystallization of cold rolled AA1050, commercially pure aluminum. Electron backscatter diffraction measurement data was used as an input for the simulation to consider highly heterogeneous distribution of the stored energy and orientations compared to the randomly-distributed initial microstructure. Nucleation process was assumed to be site-saturated. Once a nucleus is formed, its recrystallization front will sweep the deformed regions by dissipating the stored deformation energy. In an attempt to contemplate anisotropic property of grain boundary migration, the grain boundary mobility was represented as a function of misorientation and the pressure was expressed as a function of dislocation density difference, curvature, and misorientation. The results of CA simulations were compared well with the JMAK theory in order to investigate the effects of nucleation criteria and curvaturedriven pressure on the microstructure and the kinetics of primary recrystallization. This study revealed that local interface migration by curvature-driven pressure could significantly affect the recrystallization kinetics and microstructure morphology depending on the nucleation criteria.
Introduction
It is well known that evolution of microstructure and texture of the metallic materials is greatly dependent on the annealing process. During annealing, recrystallization plays an important role to control material properties such as strength, drawability, and magnetic permeability, in terms of the grain size, morphology and preferred orientation. 1, 2) In this context, it is necessary to improve understanding of underlying physical mechanisms during recrystallization and their influence on properties of the final products. Therefore, it is anticipated to be able to make an accurate prediction of the microstructure and material properties after annealing.
The microstructural dynamics during annealing is governed by the behavior of interface migration. During primary recrystallization for pure metal, it was suggested that the interface migration rate of different boundary segments with similar boundary mobility is solely dependent on the volumetric driving pressure owing to the stored energy of the deformed structure.
3) But in reality, the migration rate is determined by the simultaneous presence of two driving forces driven by boundary curvature and stored deformation energy difference across the boundaries. Local scale recrystallization boundary segments with similar mobility and stored deformation energy may behave differently due to the difference of local curvature. 4) Recently, Zhang et al. 5) experimentally assured this by examining the microstructural evolution with help of an ex-situ electron channeling contrast (ECC) technique using a thermal field emission gun scanning electron microscope (SEM). They observed protrusions/ retrusions formed locally on recrystallization fronts and showed that protrusions/retrusions can locally provide a driving force of which magnitude is comparable to that of driving force contribution from the stored energy in the deformed matrix. 57) In this regard, migration rate before impingement of grain boundary is deemed to be dependent on the net driving forces determined by the interaction of two driving forces while it relies on the solely curvature-driven pressure after the conflicts of grain boundaries, resulting in grain coarsening. Although the mechanisms of the formation of protrusions/retrusions and how they evolve and influence the migration of recrystallization fronts during annealing are of great importance, experimental investigations on this matter are quite limited since it is very difficult and expensive to run.
Modeling and computer simulation is a good alternative to study recrystallization behavior. The theoretical model of the recrystallization kinetics has been introduced by Johnson, Mehl, Avrami and Kolmogorov (JMAK) 8, 9) for random nucleation and isotropic growth. In reality, however, heterogeneous nucleation and anisotropic grain boundary migration are generally observed due to highly heterogeneous distribution of the stored energy and grain boundary characteristics. In order to overcome such limitations, several kinds of physically-based models such as phase field, 10, 11) vertex, 12) Monte Carlo (MC) 13, 14) and cellular automata (CA) 1419) were applied for a sophisticated computer simulation of recrystallization.
The most attractive point of these micro-mesoscale models is to predict the macroscopic behavior based on the consideration of the governing rules for the system at a microscopic level. 14) Eventually, it is possible to demonstrate the realistic simulation of microstructural change during recrystallization based on fundamental physics rather than merely relying on the empirical and phenomenological relations. Especially, CA has been widely used for modeling a variety of phenomena in the field of recrystallization, including static, metadynamic, and dynamic recrystallization since CA can readily handle both spatial and temporal evolution of a complex system.
14) The advantages of the CA model over other discrete microstructure models are intuitive scalability and computational simplicity. From practical point of view, it is quite easy to conduct the time-scaling with respect to the space since the recrystallization kinetics is implemented via the linearized rate equation on the discrete lattice. In the MC technique, however, it is difficult to scale MC step to the real time and physical space since the boundary migration by a curvature-driven force can be implemented by the reduction in interface energy which is added to the Hamiltonian of the system owing to the state configuration change. Furthermore, the probabilistic cellular automata model is numerically efficient and phenomenologically sound since it lowers the complexity in code because of the adoption of the probabilistic analogue of the rate equation for thermally activated grain-boundary segment motion under the influence of free energy gradients. 15) In the phase-field model, however, it is computationally cumbersome to conduct the simulation although it enables the quantitative simulation of grain growth in time and space and the curvature-driven interface migration can automatically be considered.
In the present investigation, a two dimensional probabilistic CA model was used to simulate primary recrystallization of cold rolled AA1050, commercially pure aluminum. The objective of this study is to look into the effects of different criteria for site-saturated nucleation and curvature-driven pressure on the kinetics of primary recrystallization and the microstructure. The motivations of the present study are driven from two considerations. Firstly, the features of nuclei formation such as the level of nuclei clustering and the number of nuclei rely on the critical value for triggering nucleation. Secondly, for the simulation of primary recrystallization, most researchers had neither paid attention to the influence of surface energy driven by the boundary curvature nor even considered it just for simplicity although curvaturedriven pressure exists during primary recrystallization. In order to achieve realistic calibration of time and space, experimental material parameters for grain boundary mobility and pressure were used in simulations. Besides, electron backscatter diffraction (EBSD) measurement data was used as an input for the CA simulation in order to reflect realistic information on the initial microstructure. In this regard, highly heterogeneous distribution of the stored energy and orientations over the initial microstructure were considered in the simulation. The results of CA simulations were compared with the JMAK theory in order to investigate the effects of nucleation criteria and curvature-driven pressure on the microstructure and the kinetics of primary recrystallization. The simulation results show that local interface migration of protrusions/retrusions of recrystallization fronts owing to the curvature-driven pressure could significantly affect the recrystallization kinetics and grain morphology according to the present investigation.
Experiment
Commercially available pure aluminum, AA1050, was flat-rolled at room temperature up to 1 mm in thickness with its reductions of 75%. After cold deformation, specimens were prepared by sectioning in the plane normal to the transverse direction and then mechanical polishing was applied. Additional electrochemical polishing using A2 electrolyte was used in order to make the surface of the specimen stress free for EBSD measurements. Crystallographic orientation detection was made by using EBSD system (EDAX-TSL/Hikari) attached to a field emission scanning microscope (FESEM, FEI/Nova230). The accelerating voltage was 15 kV and the probe current was 16 nA with a working distance of 11 mm.
Details of the Simulation Procedure

Estimation of stored deformation energy
Prior to applying the CA algorithm to the EBSD measurement data, evaluation of the stored deformation energy due to cold rolling was conducted by converting the orientation image quality into the dislocation density. It is known that image quality resulting from Hough transformation for indexing Kikuchi pattern is related to the number of lattice defects like dislocations, indicating the level of deformation and internal stresses. 20, 21) Accordingly, pattern quality is expected to be lower for the case of highly deformed regions such as shear bands, transition bands and in the vicinity of prior grain boundaries. This means that image quality can be considered as a measure of the dislocation density.
The stored energy for each cell S i can be expressed to be proportional to the image quality distribution for each cell I i as follows: 16) 
where Q i is the image quality at the site i, and Q max and Q min are the maximum and minimum values of the image quality, respectively. For an estimate of the dislocation density, a relation between the flow stress · and dislocation density μ can be represented as follows:
where ¡ is a constant of the order of 0.5, G the shear modulus, and b the Burgers vector. The stored energy S is given as 1)
where c is a constant of the order of 0.5. The factor I max in eq. (1) is supposed to be equal to the maximum stored energy corresponding to the flow stress obtained from the compression test for the case of deformation of 75% reductions in thickness and it can be calculated by combining eqs. (2) and (3) as follows:
As a consequence, the dislocation density for each cell μ i can be computed as follows:
Cellular automata model
The nucleation process was assumed to be site-saturated and the recovery was not taken into account since it is very rapid due to the high stacking fault energy for the material used in the present study. 19) Phrased differently, at the very incipient stage, all the nuclei were generated by examining every site if the accumulated amount of dislocation density was higher than a critical value. Once nucleation criterion was triggered, the state of the cell was switched to be nucleated without any change in orientation, dropping dislocation density to zero.
Then the nuclei start to grow into the deformed matrix. It is generally known that grain boundary migration rate v is proportional to the net pressure p as follows:
where m is the grain boundary mobility which is a function of the misorientation ¦ª between each grain boundary site and its neighboring cells and the temperature T as follows:
where m 0 is a constant for high angle boundary, Q b the activation energy of grain boundary movement, k the Boltzmann's constant, and T is the temperature in Kelvin. For calculation of misorientation, the Euler angles were converted into the orientation matrix and then the misorientation matrix M 12 was computed from the orientations of site 1 and site 2 belonging to each grain as follows:
2)
where g 1 and g 2 are the orientation matrices for each site. The angle of rotation ¦ª can be extracted from the misorientation matrix M 12 as follows:
The minimum among all the possible 24 crystallographically equivalent misorientations was selected in consideration of cubic symmetry.
The net pressure, p in eq. (10) consists of the volumetric stored deformation energy, p 1 in the form of the dislocation density difference ¦μ between each grain boundary site and its neighboring cells and the surface energy, p 2 driven by the boundary curvature ¬ as follows:
where¸¼ cGb 2 is the dislocation line energy and £ the grain boundary energy which was approximated by ReadShockley relation 23) for the low angle boundary below 15°as follows:
where £ High is the high angle boundary specific energy.
In the CA simulation, the evolution of microstructure was calculated based on the kink-template approach introduced in the literature. 14, 17) According to the work by Janssens et al., 14) a kink-template neighborhood can be represented by Fig. 1 . This figure shows the 5 © 5 matrix that includes the center cell i. Then, the local curvature can be approximated by counting the neighbor cells enclosed by the bold line in the kink-template in this figure. According to the same literature, 14) the grain growth was successfully determined by the kink-template of such 5 © 5 matrix. In this kink-template, the number of cells, N c , belonging to the same grain as the center cell i represented in colored dark cells in Fig. 1 can be counted as 14. A reference number, Kink which covers the same grain for an imaginary flat grain boundary indicated by the dashed line in the same figure, was counted to be 15. The difference between Kink and N c can represent the deviation from the imaginary flat grain boundary.
In the present study, the difference between Kink and N c was normalized by the multiplied value of the cell size, L CA = 0.05 µm and the number of cells in the kink-template neighborhood. In order to approximate the local curvature with the normalized value, it is necessary to introduce a coefficient C in the following equation.
Here, N is the number of cells in the kink-template neighborhood except for the center cell i and is counted to be 24. The coefficient C was determined such that when N c equals to 14, the curvature-driven pressure p 2 at the high angle grain boundary was set to be 0.6 MJ m ¹3 , which was an experimentally determined average value by Zhang et al.
5)
Since the surface energy at the high angle grain boundary £ was given as 0.6 J m ¹2 in Ref. 1), the coefficient was determined to be 1.25 in the present work as follows: i i Fig. 1 The kink-template of 5 © 5 matrix for direct approximation of local curvature at a grain boundary.
It should be noted that the grain boundary can have velocities and move even after the impingement of growing grains due to the curvature-driven pressure which results in the grain coarsening.
A caution must be paid when implementing the algorithm for computing the local curvature in the CA simulation. In order to prevent the recurrence, it was assumed that the only boundary cells with positive curvature could have a curvature-driven pressure since negative curvature let the grain boundary move away from the site at which it is calculated. The direction for a grain boundary to migrate is determined depending on the sense of the net driving pressure, as described in Fig. 2 . Net driving pressure will either increase or decrease by protrusion and retrusions of local recrystallization fronts, respectively. After impingement of recrystallization fronts, grain coarsening by curvaturedriven pressure will proceed. If the sign of the net pressure is negative for the case in Fig. 2(b) , no state transition is expected to be accepted. Once a matrix is recrystallized by the sweep of the recrystallization front, there is little chance to reversely transform into the original state.
Once the migration rates at the boundaries are determined, recrystallization fronts begin to proceed into the deformed matrix complying with the probabilistic transformation rule which has the capability to introduce locally varying grain boundary velocities. The probability function P for each cell was defined as follows:
where m local and p local are the local mobility and pressure, respectively. m max and p max are the globally occurring maximum mobility and pressure, respectively. SF is the shape factor for attenuating the grid effect, for which one could come up with a growing geometry similar to the shape of the neighborhood, by using different weight factors for each facing and diagonal direction in the Moore neighborhood. After evaluating the probability function, the simulation proceeds by switching the cells according to the local switching probability. To put it another way, the switch was accepted only if the local switching probability was larger than a random number r (0 < r < 1).
Since space and time are coupled quantities, the time step ¦t at each CA step can be calculated by the time-space scaling as follows:
where L CA is the cell size of the CA grid and v max is the occurring maximum velocity of the grain boundary at each CA step. The simulations were conducted on the grid of 100 © 400 with the cell size of 0.05 µm according to the step size of the EBSD measurements. The annealing was assumed to be an isothermal heat treatment at temperature of 400°C. The material parameters used are shown in Table 1 .
Results and Discussion
Characterization of the cold-rolled microstructure
Primary recrystallization takes place owing to the migration of pre-existing boundaries in the deformed microstructure and is driven by the stored energy of the substructure. 24) In this regard, it is important to characterize the cold-rolled microstructure. The measured EBSD data of the cold-rolled initial microstructure is shown in Fig. 3 . During cold rolling of single phase polycrystalline aluminum alloys such as AA1050, well-defined subgrain structures were formed. Besides, it was demonstrated that the microstructure evolved into a high-energy substructure in which grain boundaries and high-energy dislocation boundaries are aligned with the rolling direction as pointed out by Hurley and Humphreys. 24) Due to this high-energy microstructure, the number of nucleation sites during recrystallization could increase and result in the grain refinement after recrystallization. As expected, the Kikuchi pattern quality was found to 
2.17 © 10 be lower for the regions such as shear bands, transition bands and in the vicinity of prior grain boundaries. The stored deformation energy due to the cold rolling was calculated in terms of the dislocation density by using eq. (5). Figure 4 shows the distribution of the calculated dislocation density, which was found to be normal distribution.
Simulations using different nucleation criteria
The influence of nucleation criterion on primary recrystallization was investigated by employing two sorts of sitesaturated nucleation criteria: 80 and 90% of the occurring maximum dislocation density as a trigger for the nucleation, respectively.
The microstructural evolution of primary recrystallization and the distribution of the stored deformation energy in the form of the dislocation density are shown in Figs. 58 for different site-saturated nucleation criteria without or with curvature-driven pressure. The maps on the left-hand side of each one show the microstructural evolution and black lines represent prior grain boundaries. The maps on the righthand side show distributions of the accumulated dislocation density in the gray level, of which the darker one represents the higher stored energy. The simulated microstructures reveal that nucleation occurs highly inhomogeneously at preferred sites such as prior grain boundaries and deformation bands. Due to the locally concentrated stored deformation energy, nucleation tends to happen in the form of clusters.
In order to analyze the kinetics during recrystallization, the classical description to the recrystallization kinetics, the JMAK theory was utilized for comparison. The JMAK equation for statistical isotropic recrystallization is expressed by
where X V is the recrystallized volume fraction, t R the reference time, and n the Avrami exponent. In the case of two dimensional primary recrystallization with the site-saturated nucleation, the Avrami exponent will be 2 which is valid only under several assumptions of the JMAK theory such as the equiaxed initial grain structure, random distribution of nucleation, isotropic growth, constant growth rate, and uniform impingement of recrystallizing grains. Figure 9 shows the recrystallized volume fraction with annealing time. After nucleation, all the curves were followed by an increasing rate of recrystallization, linear regions, and finally a decreasing rate of recrystallization. It reveals that for the case of nucleation criterion of μ c = 0.8μ max initially recrystallized volume fraction abruptly increased since nuclei were generated in the form of clusters, yielding heterogeneous nucleation.
The amount of volume fractions of nuclei is summarized in Table 2 in terms of criteria for site-saturated nucleation. Such a nuclei clustering was stronger with a nucleation criterion of μ c = 0.8μ max , meaning the larger deviation from the JMAK theory. It is notable that not all the nuclei could grow into the deformed matrix because of two reasons. One reason would be the situation in which a nucleus is enclosed by other nuclei in all directions of its neighborhood. Secondly, it is attributed to the small misorientation (called orientation pinning) accordingly, yielding very low mobility of its grain boundary to the neighboring cells in the deformed area. This indicates that triggering nucleation criterion is not a sufficient condition for nuclei to grow into the deformed area. Figure 10 describes the kinetics in terms of the Avrami exponents represented by the slopes of the lines. For all the cases, the slopes were less than an ideal value of 2.
The discrepancy is ascribed to the non-random spatial distribution of nuclei and the anisotropic grain boundary migration due to heterogeneous distribution of the stored energy and orientations. During the simulations with EBSD data as an input, grains hardly propagated in a certain direction of low mobility and stored energy whereas they readily grew in the direction of high mobility and stored energy. In other words, recrystallizing grains could have varying velocities along with their boundary according to the mobility and stored energy in the neighborhood. This led to the non-uniform impingement of the grain boundaries.
As a result, all the factors mentioned above contributed to lowering the slopes of the curves. Especially, the level of heterogeneity and anisotropy for the case of nucleation criterion of μ c = 0.8μ max was severer, resulting in the larger deviation from the JMAK theory. Hence, the slopes for the case of nucleation criterion of μ c = 0.8μ max were even less than those for the case of nucleation criterion of μ c = 0.9μ max .
4.3 Simulation of primary recrystallization with the curvature-driven pressure In order to identify the effect of curvature-driven pressure on the primary recrystallization, the simulation was carried out by using net pressure involving with both volumetric and curvature-driven pressures.
As shown in Figs. 7 and 8, it was found that the resulting microstructures obtained by introducing the curvature-driven pressure show the morphologies of the smoother grain boundaries. Furthermore, the majority of the nuclei clusters, which were generated at the initial stage of the simulation, vanished. This can be observed in Fig. 11 , in which the simulated grain size distributions following the recrystallization up to 99% are given. For the cases without curvaturedriven pressure, initially created nuclei clusters and small grains still remained after the recrystallization. The simulated grain size distributions obtained by adopting the curvaturedriven pressure correspond to the fact that a log normal distribution of the grain size is generally observed in the experiments.
1) The reason for this is the grain boundary migration by the curvature-driven pressure even during primary recrystallization. As a result, the average grain Table 2 The amount of recrystallized volume fraction in terms of sitesaturated nucleation criteria. diameter after the recrystallization can vary depending on the curvature-driven pressure as shown in Fig. 11 . The averge grain diameter " D was calculated as follows:
Nucleation criterion
where n is total number of grains, A i is the area of grain i, and D i is the diameter of grain i. As shown in Fig. 9 for the case of nucleation criterion of μ c = 0.8μ max , the rate of recrystallization decreased with the help of curvature-driven pressure. Since the net pressure was reduced by the curvature-driven pressure which usually acts towards the center of a growing grain, curvature-driven pressure slowed it down by inhibiting the recrystallizing fronts from moving towards the deformed matrix. In the case of nucleation criterion of μ c = 0.9μ max , by contrast, the influence of the curvature-driven pressure was marginable. It seems that the reason to get the different results according to the nucleation criteria is the size difference of the growing grains for each nucleation criterion. The sizes of recrystallizing grains for the case of nucleation criterion of μ c = 0.9μ max were larger than the ones for the case of nucleation criterion of μ c = 0.8μ max due to the sparser distribution of nuclei. Since the boundary curvature becomes smaller as the grain size increased, the influence of the curvature-driven pressure was insignificant for the case of nucleation criterion of μ c = 0.9μ max .
When it comes to the kinetics in terms of the Avrami exponent, the slopes of the lines in Fig. 10 became closer to the ideal value 2 for both nucleation criteria by introducing the curvature-driven pressure. Two reasons are conceivable for this. At first, it is attributed to the fact that if a grain grows preferentially in a specific direction in the mode of anisotropic growth, the local curvature in that direction of the grain becomes greater. It means that the curvature-driven pressure gets considerable and suppresses the recrystallization front from proceeding to that direction, leading to less non-uniform impingement of the grain boundaries. Secondly, it can be explained by the effect of the grain coarsening by the curvature-driven pressure. This pressure makes both kinds of impinging and recrystallizing grain boundaries even and smooth. In addition, it eliminates small grains so that the boundary migrations of recrystallizing grains are less likely to be retarded in a certain direction due to the impingement of grain boundaries compared to the case of the volumetric pressure only. Therefore, the kinetics of recrystallization tended to follow the JMAK theory.
Conclusions
In this paper, a two dimensional CA simulation was conducted using the EBSD data as an input in order to investigate the effects of curvature-driven pressure and different nucleation criteria on the primary recrystallization. As a result, the level of nuclei clustering was higher for the case of nucleation criterion of μ c = 0.8μ max , representing the larger deviation from the JMAK theory. It was notable that not all the nuclei could grow in spite of triggering the nucleation criteria. Hence, triggering the nucleation criteria was not a sufficient condition for a nucleus to grow. When introducing the curvature-driven pressure, the majority of the nuclei clusters, which were generated at the incipient stage, vanished and the morphology of recrystallizing grain boundaries was found to become smoother. Furthermore, the rate of recrystallization decreased considerably for the case of nucleation criterion of μ c = 0.8μ max since the net pressure was reduced by the curvature-driven pressure due to small size of growing grains. The anisotropic behavior of the recrystallizing grain boundary movement and the tendency of boundary migration retardation due to the impingement of grain boundaries were weakened by introducing the curvature-driven pressure. As a result, the level of discrepancy with the JMAK theory was reduced.
